The advent of optoelectronic computers and highly parallel electronic processors has brought about a need for' storage systems with enormous memory capacity and memory bandwidth. These demands cannot be met with current memory technologies (i.e., semiconductor, magnetic, or optical disk) without having the memory system completely dominate the processors in terms of the overall cost, power consumption, volume, and weight. As a solution, we propose an optical volume memory based on the two-photon effect which allows for high density and parallel access. In addition, the two-photon 3-D memory system has the advantages of having high capacity and throughput which may overcome the disadvantages of current memories.
Introduction
Sequential computers are approaching a fundamental physical limit on their computational power. To achieve higher performance, computers are increasingly relying on parallel processing and require memory systems with high capacity and fast parallel access. 2 3 Present memory technologies such as semiconductor memories, 4 optical disks, 5 rigid and flexible magnetic disks, 6 and magnetic tape 7 store information across a planar surface. Due to their 2-D nature, these storage devices are not able to provide parallel access, and in addition their access time grows with increasing capacity. The use of these devices in parallel computers can lead to an unbalanced situation where the cost, volume, and power requirements of the memory system greatly exceed that of the processors. 8 To overcome the restrictions imposed by present memory devices, research has been seeking alternate means for storage, including 3-D optical memory devices. 9 Three-dimensional optical storage devices have higher theoretical storage capacity than present memory devices, because information is stored in vol-optical memory devices have the potential for parallel access, because an entire bit plane can be read' or written in a single memory access operation. However, the difficulty in addressing the individual memory bits without data interaction and crosstalk with other bits has obstructed the development of 3-D optical memory devices.
We describe two-photon optical materials, device architecture, and potential applications for a bit-oriented two-photon 3-D optical memory device. Unlike other schemes which have been proposed for 3-D optical memories, such as the photorefractive effect (for holographic storage), 0 spectral hole burning," and optical echo,1 2 the two-photon effect1 3 "1 4 provides a means of storing data into separate bit locations throughout the entire volume without affecting the neighboring bit locations. In addition, the two-photon process has the benefits of high sensitivity, high speed, and the ability to work near room temperature. As discussed in this paper, a 3-D memory based on the two-photon effect can achieve very high capacity as well as parallel access of up to 106 bits/memory access operation. Finally, the two-photon 3-D memory can potentially have a low cost per bit because the material it uses can be made as an inexpensive polymer.
The paper is organized in three parts. Section II presents the physical principle behind the two-photon effect and describes the characteristics of two-photon materials that make them uniquely suited for 3-D memory. Preliminary experimental results are also given to substantiate these characteristics. In Sec. III the two-photon 3-D memory device is described, and the feasibility of its critical components is studied.
Finally, in Sec. IV, the two-photon 3-D memory device is compared with existing memory technologies, and its application in existing and future parallel supercomputers is discussed.
Principles of the Two-Photon Process
This section describes the nature of the two-photon effect and discusses how it can be incorporated into an optical volume memory due to the unique addressing capabilities. Experimental data are presented on the read and write cycles of the spirobenzopyran, a twophoton material.
A. Two-Photon Absorption and Its Relevance to Memory Functions Two-photon absorption refers to the excitation of a molecule to an electronic state of higher energy by the simultaneous absorption to two photons. The first photon excites the molecule to a virtual state, while the second photon further excites the molecule to a real excited state. Since the intermediate state is a virtual state, the two-photon process is different from a biphotonic process where a real intermediate state is present.' 5 The wavelengths of the two beams are such that, although neither beam is absorbed individually, the combination of the two wavelengths is in resonance with a molecular transition. Therefore, both beams must temporally and spatially overlap for two-photon absorption to result.
As shown in Fig. 1 , the two beams, of equal or different wavelengths, are directed along different directions to select any region inside the material. Since the two-photon process is localized to the small region of overlap, all points in the volume can be individually addressed. Depending on the wavelengths of the two beams, which are incident on the material, the addressed location can be written or read, as discussed in the next section. In addition, since the two-photon is based on molecule transitions, the material is theoretically able to operate in the picosecond regime. Finally, the small size of the molecule and low crosstalk between neighboring bits should theoretically be able to reach the optical diffraction limit of -1 gm.
B. Material Feasibility Studies
A prototype photochromic molecule has been used to demonstrate the feasibility of 3-D optical memory based on two-photon processes.1 6 The photochromic molecule, a spirobenzopyran,1 7 initially absorbs only in the UV region; on excitation it undergoes structural changes and it subsequently absorbs in the visible region also. A schematic energy level diagram is presented in Fig. 2 . The spirobenzopyran, embedded in a polymer matrix in the form of a 100-,um film, has been irradiated simultaneously with two beams of 30-ps pulses at 532 and 1064 nm and a total energy density of The read process is also based on two-photon absorption of laser light. The written form of the molecule was excited with two beams of 1064 nm resulting in two-photon absorption of the IR photons and emission of fluorescence from the written form. The twophoton-induced fluorescence spectrum of the written form is shown in Fig. 4 . The intensity of the observed fluorescence shows a square dependence on the excitation pulse energy, as shown in Fig. 5 , which unequivocally demonstrates the two-photon nature of the process. Thus the read cycle, which can be as fast as a few tens of picoseconds, is also based on a two-photon process allowing 3-D reading of the stored information. Since the read cycle is based on fluorescence rather than changes in absorbance, higher sensitivity is obtained. The written form persists at room temperature for several minutes. When the written form is placed in dry ice the written form persisted for several days. A complete discussion of the experimental results based on a spirobenzopyran molecule is presented elsewhere. 1 8 
I11. Two-Photon 3-D Memory Device
Now that the behavior of the memory material has been explained, a complete description of the proposed two-photon 3-D memory device is provided. The critical components in the proposed device are then discussed.
A. Three-Dimensional Memory Device Description
The actual memory unit can be described as a multilayer storage system, with each layer composed of a large 2-D array of bits. As shown in Fig. 6 , the desired memory layer is selected and illuminated with the addressing beam. At the same time, the data are sent into the memory on the information beam. Due to the two-photon nature of the material, the data can only be stored in the selected layer, as shown by the darkened regions in Fig. 6 . A very important characteristic of this system is the fact that as high performance spatial light modulator arrays become available and the twophoton materials are optimized for smaller writing energies, the entire array of bits in a single layer can be accessed simultaneously, allowing the memory system I/O to have a parallelism up to 106.
The complete two-photon 3-D memory device architecture is shown in Fig. 7 . The 3-D memory unit has been drawn to show the orientation of the individual memory layers. The connection between this memory system and the computer which is addressing the memory is via the input and output arrays and the address manager. The optical components, such as the dynamic focusing lens (DFL), polarizers, and retardation plate, provide the necessary imaging between the input/output arrays and the selected memory layer. The system uses a Nd:YAG diode pumped solid state laser as the optical power supply. Both the write and read cycles have been drawn to show the flow of information into and out of the 3-D memory unit. For the write cycle, it is desired to take the information which is contained on the input spatial light modulator (SLM) and store it at a particular memory location. The first step of the write cycle is for the host computer to send the memory address to the address manager. The address manager then communicates with the bit plane select (to illuminate the correct memory plane) and the DFL (to establish a proper imaging system between the input array and memory location). Next, the host computer puts the desired bit plane information onto the input array. The final step is for the write beam to enter through the polarizing beam splitter (PBS) and be deflected toward the input SLM. The SLM will modulate the polarization of the optical field in direct correspondence with the desired information plane. On reflection back through the PBS, only the modulated parts are allowed to go straight through and will be imaged onto the selected memory layer.
For the read cycle, the bit plane select array illuminates a particular layer of the memory. This causes light to be generated by two-photon fluorescence at each of the written bits. This light is then polarized by P2 and imaged onto the output array using the DFL. To steer the information through the PBS and onto the output plane, the polarization must be rotated by 90°. This is achieved with the activation of the electrooptic X/2 retardation plate during each read operation. The address manager controls all the essential components (dynamic focusing lens, bit plane select, X/2 retardation plate) to guarantee that the information is imaged onto the output detector array.
It is desirable for the memory system to have the highest possible access speed and parallelism. In the proposed two-photon 3-D memory system, the speed and parallelism are limited by the response time, size, and sensitivity of the input and output arrays and the DFL rather than by the very high inherent speed of the two-photon materials. Therefore, the design of these components is critical and is now discussed. linear polarization Fig. 7 . Two-photon 3-D memory system. The memory I/O is achieved via the input and output SLMs. The address manager controls the internal components to assure proper imaging between the data arrays and the correct memory layer.
B. Critical Component Feasibility
The input and output devices which are used in the memory system depend on the type of computing system which is accessing the memory as well as the desired access time for the memory. For electronic computers, the input and output devices must perform high speed electronic-optical conversions so that the access times can be made as short as possible. Such a conversion can be carried out at the output with the use of a sensitive optical detector array, while the input device can be an electronically addressed SLM. Note that the output array must be sensitive enough to detect the fluorescence of individual bits. Also, the input array should be able to supply enough energy per pixel to write to each bit. For future optoelectronic computers, the input and output arrays must be optically addressed SLMs. We are envisioning the utilization of sensitivity enhanced silicon PLZT SLMs (Si/ PLZT)1 9 for these applications. The DFL is also an important component in the system since it provides the interface between the SLMs and memory unit. Although dynamic focusing lens systems have been used for many years (in microscopes, zoom lenses), the high speed and accuracy required for this application are unique in that they preclude the use of mechanical adjustments. In addition to the microsecond speed, the DFL must be able to image 1 ,gm 2 spot arrays to any memory bit plane. To meet these requirements, we can combine an electrooptic dynamic focusing lens with a holographic dynamic focusing lens (HDFL) that is presently being developed at UCSD.
The HDFL works on the idea that a hologram can be used to store several lens functions, each of which can be individually recalled. Initially, a multiplexed hologram is recorded using the method of random phase encoding.
2 0 Random phase encoding was chosen since the code can be generated on a phase-only SLM. Therefore, the selection of the correct hologram is limited only by the speed of this device. The HDFL setup is shown in Fig. 8 associated random phase pattern [exp(-jki)]. The information is placed at SI and picks up the phase code exp(j'I'm) at S 2 . This phase code allows for the selection of the lens function L which will focus to the output plane located at Zm. Therefore, this system creates an imaging system between S1 and any of the output planes by placing the phase code of the desired lens function onto a phase-only SLM. Moreover, the reciprocal nature of this linear optical system allows the same HDFL to be used for the input and output to the memory unit.
One attractive feature is that any focal length lens can theoretically be produced. Unfortunately, the total number of superimposed images will be limited due to the increase in the noise with each additional stored lens function. To achieve a large number of memory bit planes, the final design of the DFL requires a combination of an electrooptic DFL (such as the liquid crystal lens) 21 and the HDFL. In such an arrangement, the HDFL would focus to several positions throughout the length of the memory, while the electrooptic DFL could provide more precise focusing capabilities. This arrangement is very advantageous, since the complementary characteristics of HDFL and electrooptic DFL can be combined to achieve the desired results.
The throughput of the two-photon 3-D memory system is, therefore, governed by the SLMs used for the input and output arrays, the DFL, the energy requirements of the two-photon materials, as well as the optical power supply technologies that are available. Using SLM technologies that will be available in the early 1990s, a DFL device as described above, and optimized two-photon storage materials, the two-photon 3-D device can have an IO bandwidth as large as 0.25 Tbit/s, assuming 512 X 512 SLMs operating at a frame rate of 1 MHz. One important fact is that these same technological limitations apply to the performance of future optoelectronic computers, since such computers will rely on similar SLM technologies. It is, therefore, believed that two-photon memories will remain compatible with optoelectronic processing for many years to come, since both of these technologies will progress at approximately the same rate.
IV. Comparison and Application of 3-D Optical Memory
This section compares the projected performance of the two-photon 3-D memory device with the performance of existing memory devices and describes potential applications of 3-D optical memory in parallel computers. We show that the proposed 3-D optical memory device can be effectively used in present parallel computers and will be required for the success of future optoelectronic and 3-D VLSI parallel computers.
A. Two-Photon 3-D Memory vs Present Memory

Technologies
The performance of the two-photon 3-D memory device is compared with present memory devices in Table I . The two-photon 3-D memory device provides the highest storage density and the largest parallelism (bandwidth) of any existing memory device. As shown in Fig. 9 , existing memory devices are projected to increase their storage capacity, but their bandwidth is expected to grow at a very slow rate. Thus the parallel access capability of the two-photon 3-D memory device will not be achieved by existing memory devices. As shown in Fig. 10 , the access time of the two-photon 3-D memory device is between the access times of semiconductor memory and magnetic disk devices. Therefore, with low cost per megabyte, twophoton 3-D memory can potentially become a more cost-effective mass storage technology than magnetic and optical disks.
B. Potential Applications of Two-Photon 3-D Memory
The potential uses of the two-photon 3-D memory device in existing and future parallel computers are described in Table II. The data from Table II are graphically presented in Figs. 11 and 12 . Figure 11 shows that the bandwidth of the 3-D memory device either exceeds or meets the bandwidth requirements of existing and future parallel computers. On the other hand, the data transfer rate of existing memory devices is far below the required bandwidth, thus requiring the use of many of these devices in parallel to achieve a higher bandwidth. Figure 12 shows the cycle times of parallel computers vs the number of processing ele-
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Number of Processors ments. In existing supercomputers and hypercube parallel supercomputers, 2 2 the two-photon 3-D memory device can be used as a cost-effective replacement for magnetic and optical disks as a secondary storage system. In addition, the potential removability of 3-D memory media makes it well suited for off-line storage. We can also envision applications where the parallel access capability of the proposed memory is used to gather data from 2-D image sensors and loaded into the supercomputer for processing at a slower rate. In SIMD array processors, 23 -2 5 the two-photon 3-D memory can potentially be used as the main memory. Since these computers operate on bit planes of information synchronously, their memory access pattern fits the access pattern for the two-photon 3-D memory device. Also, since array processors use inexpensive VLSI processing elements, the potential low cost per megabyte of the two-photon 3-D memory makes it very attractive for use in these computers. In the future, there will be massively parallel computers based on 3-D VLSI 2 6 , 27 or optoelectronics technologies. 2 8 For these systems, two-photon 3-D memory will become a necessary component because of its large degree of parallelism and high storage capacity. Using wafer scale integration and 3-D packaging, these computers promise to deliver unprecedented computing power with very small cost, size, and power consumption. However, using present storage technologies for secondary memory in these computers is not practical due to the overall cost, weight, power, and size of the required memory system. Fortunately, the two-photon 3-D memory is well suited to this type of system and will be able to efficiently satisfy the bandwidth and capacity requirements of these future computing systems.
V. Conclusion
Two-photon 3-D memory stores information in volume and allows parallel access to a plane of information, thus increasing the memory bandwidth by orders of magnitude over present 2-D memory devices. In addition, because the data are stored in a volume, very high capacities can be achieved within a very small area. The fast access time and expected low per megabyte cost can potentially make two-photon 3-D memory a competitor to magnetic and optical disk for mass storage applications. We have shown the 3-D memory system to be a critical component to the success of future parallel supercomputers based on optoelectronic and 3-D VLSI technologies.
